When a suspension of rabbit proximal tubules is subjected to anoxia, ATP falls by 80-90% during 40 min of anoxia, and upon reoxygenation (reox) the cells only recover 25-50% of their initial ATP. Addition of Mg-ATP (magnesium chloridetreated ATP), Mg-ADP, or Mg-AMP (five aliquots of 200 nmol/ml added 10 min apart) during anoxia causes complete recovery of ATP levels, and respiratory and transport function after 40 min of reox. Similar additions of adenosine (ADO), or inosine (INO), or Mg-ATP only during reox are less effective. Lactate dehydrogenase (LDH) release after 40 min of anoxia is 30-40% under control conditions, only 10-15% when adenine nucleotides or ADO are added during anoxia, and 20% when INO is added, suggesting that these additions may stabilize the plasma membrane during anoxia and help preserve cellular integrity. During reox, recovery may depend on the entry of ATP precursors and, therefore, we explored the mechanism whereby exogenous ATP increases the intracellular ATP content. Additions of Mg-ATP, Mg-ADP, or Mg-AMP to continuously oxygenated tubules increase cellular ATP content three-to fourfold in 1 h. The added ATP and ADP are rapidly degraded to AMP, and more slowly to ADO, INO, and hypoxanthine. Furthermore, the ATP-induced increase in cellular ATP is abolished by the exogenous addition of adenosine deaminase, which converts extracellular ADO to INO. These results suggest that the increase in cellular ATP requires extracellular ADO. The ADO obtained from the breakdown of AMP may be preferentially transported into the renal cells to be resynthesized into cellular AMP and ATP.
Introduction
Ischemia produces a complex series of pathologic events in the kidney which, depending on their duration, leads to reversible or irreversible cell injury (1) (2) (3) (4) . One of the earliest manifestations of renal ischemia is a rapid decrease in cortical ATP content (5) (6) (7) , which is depleted by 60-90% within minutes of the initiation of ischemia (5) (6) (7) . Initially, the decreased ATP appears as an accumulation ofAMP (5) (6) (7) (8) . The AMP is further hydrolyzed in a slower reaction to mainly hypoxanthine (HX)' in the rabbit (7, 8) and a mixture ofHX and xanthine in the rat (5, 6) . Therefore, as the ischemic time is increased, there is a progressive degradation of adenine nucleotides in the cells reaching 75-90% loss after 45-60 min (5) (6) (7) (8) . During reoxygenation, resynthesis of ATP from AMP is fast, and therefore, the cells can rapidly recover their ATP contents when the total adenylate loss is minor (5) (6) (7) (8) . Conversely, resynthesis of ATP from HX is very slow (7, 9) . Based on these considerations, it is not surprising that postischemic recovery of the kidney appears to be inversely correlated with the ischemic adenylate loss as well as the accumulation of HX and xanthine (10) .
Various investigators have attempted to ameliorate this nucleotide loss by infusion of nucleotides or nucleosides before or after ischemia. Addition of ATP, ADP, AMP, or adenosine (ADO) at concentrations of 1-5 mM produced dramatic improvements in tissue recovery from ischemia (1 1-13). Inosine (INO) infusion added to a saline solution produced similar results (14, 15) , however, the concentration used (160 mM) was so large that the effects may be due to the hypertonicity and may not be different from the response to hypertonic mannitol (16, 17) . All the aforementioned studies designed to ameliorate the pathological effects of ischemia were performed in vivo, where the protective mechanisms are difficult to study. In these preparations, it is particularly difficult to separate hemodynamic from tubular effects because anoxia is produced simultaneously with a hemodynamic blockage. Therefore, suspensions ofproximal tubules have been used by Weinberg (18) and us ( 19) to enable the study of the tubular effects of anoxia independently from the other consequences of clamp-induced ischemia. However, this in vitro anoxia model differs in significant ways from in vivo-induced ischemia. For example, metabolic substrates are available in the suspension during anoxia, the pH is held relatively stable by buffers, and constituents lost to the medium during anoxia can be reclaimed during reoxygenation. These and other differences between the models need to be taken into account when they are compared.
In our previous studies (19) the tubules were subjected to varying times of hypoxia or anoxia, followed by reoxygenation, and the effects of these perturbations were evaluated on a number of cellular transport and respiratory parameters. We found that 20 min of anoxia produced reversible changes, whereas 30-40 min of anoxia caused irreversible damage, which is similar to the time frame encountered in in vivo ischemia studies (1) (2) (3) (4) . In the present communication, we report the measurements of adenine nucleotide contents and their breakdown products as a function of time in anoxia and oxygenated recovery. The effects of nucleotide and nucleoside addition during anoxia and under oxygenated conditions were also studied to understand the mechanisms whereby the protection from anoxia occurs.
Methods
Preparation of renal tubule suspension. Renal cortical tubules were prepared from female New Zealand White rabbits (Bunny Haven, Durham, NC; 3-4 kg wt) according to previously published methods (20, 21) . In brief, after the animal was injected with heparin and anesthetized with ether, both kidneys were perfused at 37°C with a medium containing NaCl (I 15 mM), NaHCO3 (25 mM), NaH2PO4 (2 mM), CaCl2 (1 mM), KCI (5 mM), MgSO4 (I mM), glucose (5 mM), lactate (4 mM), alanine (I mM), 0.6% dextran, and mannitol (25 mM) equilibrated with 95% 02/5% CO2 (pH 7.4). After clearing the kidneys with this solution, perfusion was continued with the same solution to which collagenase was added (124 U/ml), followed by the original solution to clear the collagenase. The cortex was then excised, minced, dispersed, and washed three times with ice-cold medium containing NaCl (140 mM), NaH2PO4 (2 mM), BaCl2 (1 mM), KCI (5 mM), MgCl2 (1 mM), and Hepes (10 mM) (pH 7.4). The use of BaCl2, throughout the preparative steps in the cold, was instituted to obtain tubules with total calcium contents comparable to those found in the in vivo kidney (see reference 22 for details). To remove nonvital single cells and cellular debris, one of the washes involved the use of a Ficoll cushion (20) .
90% of tubules in the resulting preparation were proximal in origin and their lumens were open. The final pellet was resuspended at a concentration of 6-8 mg protein/ml in the normal NaCl medium containing NaCl (I 15 mM), NaHCO3 (15 mM), NaH2PO4 (2 mM), CaCl2 (I mM), KCI (5 mM), MgSO4 (I mM), glucose (5 mM), lactate (4 mM), alanine (I mM), glutamate (5 mM), malate (5 mM), valerate (1 mM), Hepes (10 mM), and 0.6% dextran, equilibrated with 95% 02/5% CO2 (pH 7.4).
Anoxia experiments. Each experiment was initiated with a 20-min preequilibration ofthe tubule suspension at 37°C in the normal NaCl solution bubbled with 95% 02/5% CO2. Anoxia was achieved by closing a specially designed thermostated chamber (20) , and allowing the tubules to consume all the oxygen in the solution. Anoxia was maintained for 10, 20, 30, or 40 min. After each period ofanoxia, the tubule suspension was reoxygenated for 20 or 40 min in a shaker bath under a 95% 02/5% CO2 atmosphere at 37°C. Samples were taken from the suspension three times during each experiment: immediately before anoxia, immediately after anoxia, and after reoxygenation. Previous experiments (19) have shown that tubule suspensions were stable under oxygenated conditions for the duration of these experiments. Therefore, percent impairment of each function was calculated using the respective control value obtained just before anoxia. At each sampling time, nystatin-stimulated respiration, percentage oflactate dehydrogenase (LDH) released from the cells, total cellular K content, and cellular and extracellular content of adenine nucleotides, and their breakdown products were measured.
Nystatin-stimulated respiration. Previous studies in our laboratory (23) have determined that addition of nystatin to proximal tubules leads to a rapid increase in oxygen consumption (Q02) caused by the entry of sodium from the extracellular medium and the consequent stimulation ofNa, K-ATPase activity. The Q02 obtained with nystatin addition has been shown to equal the mitochondrial state three respiratory rate under normal conditions (23) . Therefore, nystatin-stimulated Q02 was used to measure the maximal rate of coupled respiration obtainable in the intact tubules before and after anoxia or hypoxia. Nystatin was added at a concentration of 160 mg/ml. Measurements of Q°2 were made in a closed magnetically stirred thermostated chamber of 1.6 ml in volume, using a Clark-type oxygen electrode.
Chemical assays. Total cell potassium content was measured by first layering a 0.5-ml sample onto 0. 
Results
Adenine nucleotides and their breakdown products during anoxia and reoxygenation. Fig. 1 (Table I) , but the main breakdown product of AMP was HX, which was found mostly in the extracellular medium. As seen in Fig. 1 , the HX concentration increased continuously with time in anoxia. Only after 10 min in anoxia did the increase in HX levels equal the decrease in total adenine nucleotides. After 20 min and longer times in anoxia, the HX levels were larger than the total decrease in adenine nucleotide content, suggesting a breakdown of other cellular constituents.
During these experiments, little, if any, ATP or ADP were found in the extracellular medium under control conditions, but some AMP was usually found there (-0.5-1.0 ,uM). After 40 min ofanoxia, all three adenine nucleotides were detectable extracellularly at concentrations of 0.5-1.0 jsM (Table I) . No significant amounts of ADO, xanthine, or IMP were found under any of these conditions. Furthermore, to test the identity of the HX peak in samples from anoxic tissue, xanthine oxidase was added to two random samples. This procedure caused the complete disappearance of the HX peak and the appearance of a new xanthine peak in the HPLC traces from both samples.
Recovery from anoxia was examined in paired experiments in which tubules were exposed to 20 or 40 min of anoxia. As shown in Fig. 2 A, the ATP levels increased from 27% of control immediately after 20 min of anoxia to 76% of con- trol after 20 min of oxygenated recovery. The large decrease in AMP levels (to -0.0) accounted stoichiometrically for most of the ATP recovery, the rest was probably due to resynthesis from other sources that included HX. Complete ATP recovery was achieved after 40 min of reoxygenation, and this was accompanied by a small but significant decline in HX. Note that the AMP level remained depressed even after 40 min of recovery.
The pattern of recovery was very different after 40 min of anoxia, as shown in Fig. 2 B. Reoxygenation for 20 min produced recovery of ATP from 10% to 27% of control and an additional 20 min of reoxygenation only increased this value to 34% of control. The ADP and AMP levels also remained depressed, the latter becoming almost unmeasurable during recovery. Again, much of the ATP recovery could be attributed to the further decrease in AMP levels during this period. The HX level was already 45% larger than the control ATP value after 40 min of anoxia. During recovery, the HX level continued to increase, in contrast to the behavior observed during the recovery from 20 min of anoxia (Fig. 2 A) . The continued production of HX suggests that the cells may be undergoing a generalized breakdown, leading to irreversible cell injury (see Discussion). Addition ofmagnesium chloride-treated A TP (Mg-A TP) or its hydrolysis products during anoxia. A series of paired experiments was performed to determine the effects of Mg-ATP addition on adenine nucleotides and their breakdown products during 40 min of anoxia followed by 40 min of reoxygenation. Mg-ATP was added in five aliquots, each one adding a concentration of 0.2 mM to the solution at 10-min intervals during the 40 min of anoxia. As seen in Fig. 3 , addition of extracellular Mg-ATP did not change the measured value of intracellular ATP after 40 min of anoxia. However, there were significant increases in the ATP recoveries obtained after 20 min and 40 min of reoxygenation. The addition of Mg-ATP during anoxia produced an 82±11% recovery of ATP level after 20 min and 157±12% recovery after 40 min of reoxygenation.
An analysis of the extracellular medium composition was made during these experiments in an attempt to determine whether ATP or its breakdown products were responsible for the improved recovery. As shown in Fig. 4 , little ATP was found extracellularly at any time point. Only 20 ,M of extracellular ATP was found after 20 min of anoxia, despite the total addition of 400 MM up to that time point, demonstrating that a fast hydrolysis of ATP occurred extracellularly. Although the extracellular ADP values increased significantly, most of the added ATP was found hydrolyzed to AMP, ADO, INO, and HX. ADO and INO displayed similar time courses to those of HX and therefore were not shown in Fig. 4 for clarity. The extracellular concentrations of ATP and its main breakdown products after 40 min ofanoxia and reoxygenation are shown in Table I . IMP could also be detected in some experiments, but its concentration remained below 20 MM.
The rapid hydrolysis of extracellular ATP made it difficult to identify the compound(s) responsible for the improved recovery from anoxia. Therefore, a series of experiments was performed to test the effects that extracellular addition of each hydrolytic product had on the recovery from anoxia. Each of the compounds was added in five aliquots during anoxia using an experimental protocol identical to that used for the Mg- tion with Mg-Cl2 and the control conditions received five additions of 0.2 mM MgCl2. The one exception was NaH2PO4 (titrated to pH 7.4), which was added in five aliquots that increased the solution concentration by 0.6 mM each. The rate of breakdown of each of the added compounds was similar to that shown in Fig. 4 . The extracellular composition after 40 min of anoxia and 40 min of reoxygenation for each of the additions is shown in Table I . In these experiments the sum of all the measured breakdown products always accounted for 93-100% of the added substance, as shown in Table I . Added ADP was rapidly hydrolyzed to AMP and further breakdown products. Added AMP was metabolized less rapidly than ATP or ADP, as would be expected from Fig. 4 . Its main breakdown products were INO and HX. Added ADO was converted to INO and HX, and much of the added INO was found in HX.
As seen in Table II , additions of ATP, ADP, or AMP during anoxia offered the most substantive protection of cellular ATP content, producing excellent recovery after 20 min and supramaximal recovery after 40 min of reoxygenation. ADO produced significant improvement in the recovery of cellular ATP content, but after 40 min of reoxygenation, this content was significantly lower than that achieved by nucleotide additions. INO addition did not provide any protection as compared with controls.
Comparison of the last two rows of Table II offers some insight into the separate roles of extracellular adenine nucleotide aliquots added during anoxia vs. those added after anoxia, during reoxygenation. At 20 min of reoxygenation, the ATP added after anoxia produced no significant improvement in cellular ATP content, whereas the samples to which ATP was added during anoxia, which was followed by a wash, had a significantly higher cellular ATP content. The latter ATP content was not different from that achieved by the cells with nucleotide additions during anoxia and were not washed before reoxygenation. These results highlight the protection offered by extracellular ATP addition during anoxia and the relatively small role played by the extracellular nucleotides during the first 20 min of reoxygenation. In contrast, the presence of extracellular adenine nucleotides produced a significant increase in cellular ATP content between 20 and 40 min of reoxygenation, although the increase was less than in the ATP, ADP, or AMP groups. Significantly different from each other (P < 0.05). Numbers of experiments and additions were as described in Table I . Control values for ATP were obtained immediately before anoxia for each experiment (see Methods). In the "ATP + wash" experiments, ATP was added in five aliquots during anoxia followed by rapid washing of the cells and resuspension in fresh oxygenated medium containing no nucleotides or nucleosides; anoxia samples were obtained before the washing procedure; n = 4 for these experiments. Reox., reoxygenation.
The improvements in ATP recovery were also mirrored in the preservation of cellular LDH content, which is also seen in Table II . Addition of any of the nucleotides or nucleosides significantly decreased the percentage of LDH released to the extracellular medium during anoxia. No additional significant release of LDH could be detected during reoxygenation, as shown previously by Takano et al. (19) , although a small release may be obscured by the LDH lost from the cells during anoxia. The one group of experiments in which the cells were washed after anoxia ("ATP + wash") showed a release of 4±1% LDH during reoxygenation, which may be representative of the amount released under other conditions, as well. The only exception was INO, which protected during anoxia, but not upon reoxygenation. Not surprisingly, ATP addition after anoxia was not different from control. The present results measuring LDH release at these time points are particularly important because they demonstrate two forms of protective action by adenine nucleotides and nucleosides: (a) protection of plasma membrane integrity (less LDH release) during anoxia, and (b) serving as a source of intracellular adenine nucleotide precursors during reoxygenation (see Discussion).
Addition of ATP, ADP, or AMP produced almost complete recovery of nystatin-stimulated respiration and K contents of the tubules after 40 min of reoxygenation, as shown in Table III . The presence of the nucleotides during anoxia was clearly the important time for the protective action, since washing the cells before reoxygenation did not alter the course of recovery (Table III , last row). ADO improved only the nystatin-stimulated respiration but did not significantly elicit better recovery in K contents than MgCl2 addition did. INO and ATP added after anoxia did not significantly improve recovery of either of these variables.
To separate further the effects of ATP itself from those of its hydrolytic products, a series of five experiments was performed, with results shown in Table IV . Addition of phosphate (another hydrolytic product of ATP) produced no protection from anoxia, as compared with the MgCl2 controls. Paired experiments were performed to test the effects of ADO deaminase on ATP addition during anoxia. As seen in Table I , the addition of 5 ,ug/ml ADO deaminase converted all extracellular ADO to INO without affecting the concentrations of the other ATP breakdown products. Addition of ATP during anoxia provided protection and enhanced recovery in all the measured variables in the presence and absence ofADO deaminase. These experiments demonstrate that ADO is not required for preservation of plasma membrane integrity during anoxia. However, a difference was seen in the ATP recovery from anoxia when each value in the absence of deaminase was divided by its paired value in the presence of the enzyme. In four paired experiments this ratio of ATP values was 2.2±0.5 (P < 0.05), demonstrating less ATP recovery in the absence of extracellular ADO. Addition ofMg-A TP or its hydrolysis products during normoxia. Mg-ATP or its hydrolysis products were added to the tubule suspension under normoxic conditions to understand better the nature of their protective effects during anoxia. The additions were made in five aliquots at 10-min intervals in an identical fashion to those made during anoxia. Fig. 5 shows the rapid breakdown of added extracellular ATP and the consequent accumulation of extracellular AMP. The appearance of HX under these conditions is notably slower than that seen during anoxia (Fig. 4) . Similarly added ADP is rapidly hydrolyzed to AMP (results not shown) and added AMP is degraded more slowly than during anoxia, as expected from the results seen in Fig. 5 .
The effects of each of these additions on the cellular ATP contents is shown in Fig. 6 . Additions of ATP, ADP, or AMP increased cellular ATP levels to 20-30 nmol/mg protein in 60 min representing a three-to fourfold increase from control values. ADO caused a doubling in ATP values within the same time period, whereas INO and HX caused no significant change as compared with timed controls with no additions (not shown). The rapid hydrolysis of added ATP or ADP into AMP and the similarities in the effects of all three adenine nucleotides suggested that they may all be due to the accumulated extracellular concentration of AMP. To ascertain the feasibility of this possibility, the intracellular ATP contents were plotted as a function of the extracellular AMP concentration, as shown in Fig. 7 . The individual experimental points were obtained at the 20-, 40-, or 60-min time points from different experiments in which either ATP, ADP, or AMP was added to the extracellular medium. The good correlation between these two variables suggests that AMP itself, or a breakdown product of AMP, may be preferentially transported across the plasma membrane into the cells to be synthesized into ATP.
To discriminate between these two possibilities, a series of experiments was performed in which ADO deaminase (5 iAg/ml) was present in the medium before the addition of Mg-ATP. The extracellular medium was analyzed in each ofthese experiments and was found to contain no measurable ADO. Results from paired experiments (Fig. 8) . Similar results were obtained by Weinberg (18) when he subjected a suspension of proximal tubules to oxygen deprivation. The present results confirm this finding and, in addition, measure the time course for the decline in ATP and the fate of its major hydrolysis products in proximal tubules. In this tubule suspension, ATP falls 63% within the first 10 min of anoxia, and continued its decline more slowly until 90% of ATP was lost in 40 min (Fig. 1) . Given (32) . This enzyme is activated by low levels of ATP and high AMP levels (32) . The activation of this enzyme is probably responsible for the continuous degradation of adenine nucleotides during anoxia. Extended times in anoxia caused large losses in total adenine nucleotide' content, reaching a 75% decline after 40 min. No ADO was detectable under these conditions and only small concentrations of INO and IMP were detected, clearly identifying HX as the main degradation product. No xanthine was detectable even after reoxygenation, which is consistent with the low concentration of xanthine oxidase present in the rabbit kidney (33, 34) .
The contrast between the reversibility obtained after 20 min of anoxia and the irreversibility after 40 min was striking. The differences between these two responses provide important information on some early events that may lead to irreversible cell damage. The large loss of total adenine nucleotides observed after 40 min of anoxia may be one of the most important factors leading to irreversibility, since the low adenine nucleotide content prevents much recovery in ATP after reoxygenation. This possibility has been raised previously by Buhl (10) continue to increase during reoxygenation, suggesting a continuation of the degradative processes initiated during anoxia. It is presently unclear what the source of the HX is, however, it could originate from a number of possible cellular constituents, in particular, RNA (8) . In this manner, the HX levels during reoxygenation may provide an early indication of either reversibility, when the degradative processes are halted and HX levels decline, or irreversibility, when the degradative processes continue.
Various investigators have demonstrated that infusion of adenine nucleotides protect the kidney from the pathological effects of ischemia (11, 12) . However, the mechanism(s) whereby this protection occurs has been difficult to ascertain in the intact kidney. The preparation used in the present studies has allowed the investigation of some ofthe tubular mechanisms involved in this protective action. In this study all nucleotide and nucleoside additions were made in a 1:1 combination with MgCl2 to duplicate the condition used for the in vivo ischemia experiments (1 1, 12) . A recent study by Weinberg (18) shows that the MgCl2 itself is not needed for some of the effects of added adenine nucleotides. However, this was not explored in the present studies. Exogenous ATP and ADP were rapidly degraded to AMP and further hydrolytic products, as also appears to occur in a variety of cells (35, 36) . It is noteworthy that exogenous AMP hydrolysis occurred much faster during anoxia than under oxygenated conditions (compare Fig. 4 with Fig. 5 ), which is consistent with the properties of 5'-nucleotidase (32). Thus, it is possible that this enzyme is involved in the hydrolysis of extracellular AMP as well as intracellular AMP, as discussed earlier. This could occur either through the transport of AMP into the cells, and/or through the presence of this or a similar enzyme on the extracellular surface of the plasma membrane. Most of the AMP when broken down accumulates as INO and HX, with less appearing as ADO. As shown in Table I , the six measured compounds accounted for virtually 100% of the added substance.
As shown in a previous publication (19) , much of the cellular damage occurs in the tubules during anoxia. Most of the LDH release from the cells occurs during anoxia, whereas reoxygenation leads to an apparent resealing of the plasma membrane (19) . Similarly, mitochondrial function is profoundly impaired immediately after anoxia, but recovers partially after reoxygenation (18, 19) . Therefore, the protective effects of the added nucleotides and nucleosides need to be examined in terms of their separate effects during anoxia and during reoxygenation.
We have previously shown that ATP addition protects the plasma membrane during anoxia, as evidenced by a dratnatic decrease in LDH release (19) . The rapid breakdown in extracellular ATP suggests that ATP itself may not be the protective agent, and similar considerations apply to ADP. The identical protective action ofadded ATP, ADP, and AMP, as well as the rapid breakdown of ATP and ADP into AMP, suggest that all three ofthese compounds elicit their protective effects through their common breakdown product, namely, AMP. However, ADO also causes LDH release to decrease to the same extent as the adenine nucleotides, and therefore, it is also possible that ADO itself may be the protective agent, although the experiments with ATP and ADO deaminase clearly demonstrate that the presence of ADO is not required to protect the plasma membrane during anoxia. These compounds could elicit a direct protective action from the extracellular medium, but the nature of the protective mechanism is presently unknown. On the other hand, it is likely that the extracellular presence of these added compounds will cause intracellular changes that elicit the protective action. Since intracellular ATP levels after 40 min of anoxia are only minimally affected by any of the added substances (Table II) (6) . Thus, a possible mechanism through which added adenine nucleotides might be protective is through preservation of cellular AMP levels during anoxia. However, intracellular AMP levels after 40 min of anoxia were unaltered by ADO or INO addition (results not shown), suggesting that the protective action of ADO did not occur through AMP. This is clearly an area that will require further investigation.
During reoxygenation, the presence ofadenine nucleotides in the extracellular medium (mainly AMP) promotes almost full recovery of oxygen consumption and K contents (Table  III) and supramaximal recovery of ATP content (Table II) . This supramaximal recovery appeared to depend on the presence of ADO in the extracellular medium, since addition of ADO deaminase to eliminate ADO inhibited ATP recovery (Table IV) . The addition of ATP was required only during anoxia, since a wash before reoxygenation did not alter the recovery course. Conversely, addition of ATP after anoxia brought about a much poorer recovery in all ofthese variables, indicating that the protection afforded by the adenine nucleotides during anoxia was the most important factor in the recovery process. An interesting contrast is provided by ADO, which protected the plasma membrane integrity during anoxia, but provided less overall recovery during reoxygenation as compared with the adenine nucleotides. A similar result was recently obtained by Sumpio et al. (37) for the intact kidney. The slower recovery may possibly be due to the slower resynthesis of ATP obtained from ADO, as compared with AMP (see below). INO was without effect, suggesting that the protection was specific for adenine nucleotides and nucleosides. Unfortunately, in these experiments it was not possible to evaluate whether the overall breakdown of cellular constituents into HX was halted, since all the added substances themselves were hydrolyzed to HX.
The experiments in which the additions were made during normoxia provided additional information concerning the recovery process from anoxia. Again, the similarity of the effects of ATP, ADP, or AMP, and the rapid breakdown ofthe former two into AMP, suggests that their common effects may be mediated through AMP. Further support for this idea comes from Fig. 7 , which shows a rough correlation between intracellular ATP values and extracellular AMP concentration.
However, the results of the ADO deaminase experiments suggest that AMP itself may not be transported across the plasma membrane. The same conclusion was previously reached by Weinberg et al. (38) who used a variety of nucleotide and nucleoside metabolism and transport inhibitors on proximal renal tubules. Similar results have also been obtained by Parker (35) in red blood cells, Sasaki et al. (39) in the liver, and Frick and Lowenstein (40) in the heart. These investigators also found that the addition of adenine nucleotides increased cellular ATP levels faster than ADO addition. The explanation for this result is presently unclear, but several possibilities exist, namely: (a) ADO itself may inhibit ADO kinase, thereby slowing down the resynthesis of ADO into AMP at high ADO concentrations (38, 41) . (b) The Km of ADO for the kinase is much lower than its Km for the deaminase. In that way, at low ADO concentrations, most of the ADO would react with the kinase, whereas at higher concentrations it would react with the deaminase (41) . (c) The ADO produced by breakdown from AMP, possibly through an ecto-5'-nucleotidase (42), may be preferentially transported into the cells (39, 40) . The transport of ADO into proximal renal tubules has been clearly demonstrated (43) . Similarly, INO and HX have been shown to be transported into renal cells (44) . However, the lack of significant increase in ATP levels after their addition, suggests that synthesis of ATP from these precursors is normally slow.
In conclusion, exogenous addition of adenine nucleotides during anoxia protects the function of proximal tubules in at least two ways: (a) during anoxia, it protects the plasma membrane from disruption. The mechanism for this effect is unclear. (b) During reoxygenation, it provides precursors for rapid ATP formation by transport of ADO into the cells followed by resynthesis into cellular AMP and ATP.
